Epigenetics is traditionally defined as the study of heritable changes in gene expression caused by mechanisms other than changes in the underlying DNA sequence. There are three main classes of epigenetic marks-DNA methylation, modifications of histone tails, and noncoding RNAs-each of which may be influenced by the environment, diet, diseases, and ageing. Importantly, epigenetic marks have been shown to influence immune cell maturation and are associated with the risk of developing various forms of cancer, including lung cancer. Moreover, there is emerging evidence that these epigenetic marks affect gene expression in the lung and are associated with benign lung diseases, such as asthma, chronic obstructive pulmonary disease, and interstitial lung disease. Technological advances have made it feasible to study epigenetic marks in the lung, and it is anticipated that this knowledge will enhance our understanding of the dynamic biology in the lung and lead to the development of novel diagnostic and therapeutic approaches for our patients with lung disease.
EPIGENETIC MECHANISMS
The word epigenetics is derived from the Greek word epi, for over or above, and genetics, or the science of heredity. Epigenetics is traditionally defined as the study of heritable changes in gene expression caused by mechanisms other than changes in the underlying DNA sequence (1) . However, more recent evidence suggests that the epigenome is dynamic and changes in response to the environment, diet, diseases, and ageing (2, 3) . There are three main classes of epigenetic marks: DNA methylation, modifications of histone tails, and more recently discovered noncoding RNAs (Figure 1) .
Methylation of cytosine residues in CpG dinucleotides within the context of CpG islands (stretches of DNA . 200 bp in length with . 50% GC content and observed/expected CpG . 0.6 [4] ) is the simplest form of epigenetic regulation in eukaryotes. Hypermethylation of CpG islands in gene promoters generally leads to gene silencing, and hypomethylation leads to active transcription. There are a few exceptions to this general rule, such as methylation of TERT promoter sequence being positively correlated with gene expression and telomerase activity (5) . CpG island methylation has long been studied in cancer with findings that hypermethylation of tumor suppressor genes and hypomethylation of oncogenes contribute to the process of carcinogenesis (6, 7) . More recent studies have demonstrated that methylation of less CpG-dense regions near CpG islands (''CpG island shores'') controls expression of tissuespecific genes as well as genes relevant to carcinogenesis and lineage-specific cell differentiation (8, 9) , suggesting that DNA methylation outside of CpG islands is an important mechanism that controls gene transcription. Moreover, the DNA ''methylome'' of the H1 human embryonic stem cell line uniquely revealed that nearly one-quarter of all methylation is in non-CpG context (10) , suggesting that embryonic stem cells may use different methylation mechanisms to control gene expression. Finally, recent reports are challenging traditional views of DNA methylation being a permanent mark and suggesting that DNA methylation of promoter regions is sometimes transient in nature (11) .
Methylation, acetylation, phosphorylation, and ubiquitylation of histone tails (1) occur at specific sites and residues and control gene expression by regulating DNA accessibility to RNA polymerase II and transcription factors. In eukaryotes, DNA is packaged and ordered into nucleosomes, the basic structural unit of chromatin, by wrapping around the octamer consisting of two copies each of histone proteins (H2A, H2B, H3, and H4). The most common amino acids to undergo modifications are basic lysine and arginine residues, with some modifications marking active and some inactive chromatin state. H3K4 trimethylation or trimethylation of lysine 4 on H3 (H3K4me3), for example, is strongly associated with transcriptional activation, whereas H3K27 trimethylation or trimethylation of lysine 27 on H3 (H3K27me3) is frequently associated with gene silencing. Similarly, histone tail acetylation leads to active gene transcription, whereas deacetylation is a repressive mark and leads to gene silencing. Histone acetyltransferases (HATs) are enzymes that acetylate histone tails, whereas histone deacetylases (HDACs) remove acetyl groups from histone tails. Analogous to DNA methylation, dysregulation of these histone modifications has been linked to misregulation of gene expression in cancers (12) .
MicroRNAs (miRNAs) are approximately 22-nucleotidelong regulatory RNAs that control gene expression by binding to the 39 untranslated regions of messenger RNA (mRNA), which leads to either mRNA degradation or inhibition of protein translation (13) . miRNAs, which were first identified in 1993 (14) , are evolutionarily conserved and are the most extensively studied family of small noncoding RNAs. Mature miRNAs are cleaved from approximately 70-nucleotide hairpin precursor mRNAs (pre-mRNAs) by the enzyme Dicer, whereas the premiRNAs are excised from a primary miRNA (pri-miRNA) transcript by the enzyme Drosha (15) . Pri-miRNAs are typically transcribed by RNA polymerase II, can be thousands of nucleotides long, and generally contain multiple pre-miRNAs. There are more than 1,000 mature miRNAs in the human genome according to the miRBase (http://www.mirbase.org/), but it is expected that many more miRNAs will be identified in the near future. Alterations of expression of miRNAs contribute to pathogenesis of most malignancies, with miRNAs acting as both oncogenes and tumor suppressor genes (16) . Many microRNAs map to chromosome regions that are involved in genomic instability and rearrangements in human cancer.
An emerging paradigm for epigenetic regulation of gene expression is the relationship between DNA methylation and histone modifications. One example of these interactions is binding of DNMT3L, a regulatory factor related in sequence to mammalian de novo methyltransferases DNMT3A and DNMT3B, to the N terminus of histone H3 tail (17, 18) . DNMT3L recognizes unmethylated H3 tails at lysine 4 and induces de novo DNA methylation by recruitment or activation of DNMT3A2; these findings establish the N terminus of histone H3 tail with an unmethylated lysine 4 as a chromatin determinant for DNA methylation. Similarly, DNA methyltransferases preferentially target nucleosome-bound DNA (19) . The relationship of histones and DNA methylation is bidirectional; in addition to histones playing a role in the establishment of DNA methylation patterns, DNA methylation is important for maintaining patterns of histone modification through cell division (20) .
ROLE OF THE ENVIRONMENT IN MODULATING EPIGENETIC MARKS
Unlike an individual's genetic make-up, epigenetic marks can be influenced by exposures, diet, and ageing. Randy Jirtle's seminal experiments showed that maternal diet supplemented with methyl donors (folic acid, vitamin B12, choline, and betaine) shifts coat color distribution of progeny toward the brown pseudoagouti phenotype, and that this shift in coat color resulted from an increase in DNA methylation in a transposon adjacent to the agouti gene (21, 22) . These studies also revealed that mice with yellow coat color are obese and are more prone to develop cancer, suggesting for the first time that changes in DNA methylation caused by diet may be linked to disease development. Other studies have shown that pesticides and fungicides can alter the methylome, resulting in changes in male fertility (23) , and that ageing is also associated with changes in DNA methylation and gene expression (2) . Decreased DNA methylation (as measured by LINE-1 repeats) was found to be associated with recent exposure to PM2.5 particles among 718 elderly individuals in the Boston area (24) , and although this correlated with timedependent variables, such as day of the week and season, there was no association with air pollution-related health effects.
Several recent studies have examined the relationship between exposure to cigarette smoke and epigenetic marks. Among 384 children, a global reduction in DNA methylation, as measured by the extent of methylation of Alu repeats, and differential methylation of eight specific CpG motifs, was found to be associated with in utero cigarette smoke exposure (25) . Normal human airway epithelial cells and immortalized bronchial epithelial cells exposed to cigarette smoke condensate (CSC) identified time-and dose-dependent changes in histone modifications (decrease in H4K16Ac and H4K20Me3, and increase in H3K27Me3) accompanied by decreased DNMT1 and increased DNMT3b expression; these changes are characteristic of lung cancer progression (26) .
Cigarette smoke exposure has also been shown to have a significant influence on expression of miRNAs (27) (28) (29) . Comparing current to never smokers, 28 miRNAs were differentially expressed, mostly down-regulated in human bronchial airway epithelium of smokers (27) . miR-218 was found to be one of the strongly associated miRNAs with cigarette smoke exposure, and it was further shown that a change in miR-218 expression in primary bronchial epithelial cells and H1299 cell line resulted in a corresponding negatively correlated change in expression of predicted mRNA targets for miR-218. Two recent studies also demonstrated changes in miRNA expression in lungs of mice (29) and rats (28) exposed to cigarette smoke. All three studies showed the predominant effect of smoke exposure is downregulation of miRNAs, with substantial overlap between mice and rats and some overlap of rodent miRNA expression changes in the lung with those observed in human airway epithelium. However, the mechanisms linking cigarette smoke to any of these epigenetic changes have not been clearly defined, thus raising uncertainty about the cause and effect relationship between cigarette smoke and epigenetic marks.
EPIGENTICS MARKS AND THE IMMUNE SYSTEM
A large body of evidence suggests that epigenetic mechanisms affect the expression of cytokines and binding of transcription factors that control the lineage of Th1, Th2, regulatory T cells (Tregs), and Th17 cells. In the context of Th1/Th2 differentiation, the most extensively studied are the Th1 cytokine IFN-g, and Th2 cytokines IL-4 and IL-13. It has been shown that the de novo DNA methyltransferase Dnmt3a methylates CpG-53 in the IFN-g promoter, which inhibits ATF2/c-Jun and CREB transcription factor binding and leads to suppression of IFN-g transcription in developing Th2 cells in mice (30) . Cord blood CD4 1 cells enhance the development of Th1 (but not Th2) lineage through progressive demethylation of the IFN-g promoter (31) . Methylation of the IFN-g promoter was reduced in CD8 1 cells from atopic children in the age range in which hyperproduction of IFN-g occurs, suggesting that DNA methylation at this locus may be a contributing factor in the development of atopy in children.
Importantly, differentiation of human CD4 1 cells into the Th2 subtype is accompanied by the appearance of DNase I hypersensitive sites (DHS) and CpG demethylation around these DHS sites within IL-4 and IL-13 promoters (32). Moreover, the IL-4 locus undergoes a complex series of methylation and demethylation steps during Th cell differentiation, and demethylation of the IL-4 locus is strongly associated with efficient expression of the IL-4 transcript by differentiated Th2 cells (33) . Similarly, formation of DHS sites and decreased methylation at the proximal IL-13 promoter was observed in human cord blood CD4 1 cells (34) . Finally, extensive studies of the Th2 cytokine locus control region (LCR) (35) have shown that rad50 hypersensitive site 7 (RHS7) within the Th2 cytokine LCR undergoes rapid demethylation during Th2 differentiation (36) .
In addition to DNA methylation, histone modifications are also important in guiding T-cell differentiation. Tbet and GATA-3 transcription factors control lineage-specific histone acetylation of IFN-g and IL-4 loci during Th1/Th2 differentiation (37) . Rapid methylation of H3K9 and H3K27 residues (repressive marks) at the IFN-g locus are associated with differentiating Th1 cells, whereas demethylation of H3K9 and methylation of H3K27 was associated with Th2 differentiation. In a study of human cord blood CD4 1 cells, histone acetylation marks at the proximal IL-13 promoter were selectively observed in Th2 cells (34) , suggesting that permissive histone marks together with DNA demethylation lead to expression of IL-13 in Th2 cells. In aggregate, these studies suggest that DNA methylation and histone modifications are highly dynamic and represent important determinants of Th1 and Th2 cell lineages.
Epigenetic mechanisms controlling Treg development are also beginning to be explored. Tregs are a unique T-cell lineage with an important role in immunological tolerance, whose development is primarily regulated by the transcription factor FOXP3. Evidence for the role of DNA methylation and histone modifications in regulation of FOXP3 expression are summarized in two recent reviews (38, 39) . Similarly, recent evidence suggests that histone modifications play a role in the development of Th17 cells (40) .
Although miRNAs were discovered relatively recently, there is already a growing body of evidence for the role of miRNAs in the development and function of the immune system (41, 42) . Early studies of the role miRNAs in the immune system used conditional inactivation of Dicer in T or B cells in mice to demonstrate that miRNAs are critical for lymphocyte development and differentiation. Deletion of Dicer in immature (doublenegative 3 or DN3 stage) T cells led to a dramatic decrease in more mature CD4 1 CD8 1 , CD4 1 , and CD8 1 subsets (43) . A number of differentially expressed miRNAs have been identified in response to innate and adaptive immune stimuli with many commonalities in miRNA expression (miR-21, -103, -155, and -204) (41) . miRNA-155 is the most often identified differentially regulated noncoding RNA in studies involving the immune system (41, 42); a very recent study revealed that miR-155 is overexpressed in patients with atopic dermatitis and modulates T-cell proliferative responses by targeting cytotoxic T lymphocyte-associated antigen 4 (44) . Finally, there is clear evidence that miRNAs are involved in the development and function of Treg (43) and Th17 (45) cell lineages.
In addition to being crucial to the development of the immune system, epigenetic marks play an important role in cellular and tissue development in general and specifically in the development of the lung, as reviewed in References 46-48.
EPIGENETICS AND LUNG DISEASE
Given the evidence for a strong influence of environmental exposures on epigenetic marks and the role of epigenetic regulation in T-cell differentiation, it is becoming clear that epigenetic changes may be one of the factors to explain the increasing prevalence of asthma, especially in developed countries (49) . Epidemiological studies are beginning to point to the role of maternal diet on the development of atopy (50) and asthma (51, 52) in children. Our group hypothesized that hypermethylation of the genome during gestation skews toward a Th2 phenotype and enhances the risk of allergic airway disease. To test this hypothesis, we conducted a study in which pregnant female mice were fed either a low-or high-methylation diet, and progeny were sensitized and challenged with ovalbumin to directly study the role of maternal diet on the development of allergic airway disease (53) . We observed an increase in airway inflammation (eosinophil recruitment and concentrations of IL-4 and IL-13), serum IgE, and airway hyperresponsiveness (AHR) in pups of mothers who were fed a high-methylation diet compared with those of mothers on a low-methylation diet. Furthermore, we demonstrated hypermethylation of 82 geneassociated CpG islands throughout the genome, including extensive hypermethylation of the promoter region of Runx3, a gene known to regulate allergic airway disease in mice. Importantly, a direct link between epigenetic control of the Th2 cytokine locus and development of allergic airway diseases was further demonstrated in mice with deficiency in the Th2 LCR in CD4 cells that have general loss of H3 acetylation, H3K4 methylation, and DNA demethylation in the Th2 cytokine locus; these mice also exhibit marked reduction in airway inflammation and AHR when sensitized and challenged with ovalbumin (54). Two subsequent independent epidemiological studies have demonstrated that in utero exposure to folate (a methylating agent) is associated with the risk of developing asthma in humans (51, 52) . In utero exposure to cigarette smoke is also associated with the development of asthma in children (55, 56) , and given the recent evidence for modulation of epigenetic marks by cigarette smoke, it is possible that changes in DNA methylation or specific histone modifications mediate the effect of prenatal exposure to cigarette smoke on the development of allergic airway disease; no publications to date have demonstrated this link.
Acetylation of histones may also play a role in asthma. Increased acetylation of H4 has been demonstrated in individuals with asthma and is associated with an increase in expression of several inflammatory genes in the lung (57) . It has also been shown that increased acetylation of histones is associated with decreased HDAC activity and/or increased HAT activity, which may be responsible for enhanced expression of inflammatory genes. In addition, glucocorticoids appear to suppress inflammation by altering acetylation of histones that regulate inflammatory and antiinflammatory genes; these studies are described in detail in a recent review (58) and suggest that targeting histone acetylation (and possibly other epigenetic marks) may lead to novel antiinflammatory therapies, especially in corticosteroidresistant cases of asthma.
The role of miRNAs in asthma and atopy is also emerging. Although no detectable differences in expression of miRNAs from airway biopsies were observed between subjects with mild asthma and normal subjects (59, 60) , only subjects with mild asthma were included in this study, and the number of miRNAs examined was limited. However, this study demonstrated celltype specific expression of miRNAs in cells isolated from airways and lung tissue, suggesting a possible role for miRNAs in asthma (59, 60) . In a recent study in mice, house dust mite sensitization and challenge resulted in up-regulation of miR-16, -21, and -126 in the lung (60) . Moreover, selective blockade in miR-126 resulted in diminished Th2 response, inflammation, and AHR; these effects were shown to be mediated by activation of the MyD88 innate immune signaling pathway. The results of this study suggest that focusing on specific exposures relevant to the asthma phenotype may be an effective way to identify the role of miRNAs in allergic airway disease.
Epigenetic mechanisms are likely to be involved in the control of gene expression in chronic lung diseases, such as idiopathic pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease, especially given the association of these diseases with cigarette smoking and the relationship between cigarette smoke and changes in DNA methylation, histone modifications, and miRNAs. Although very few studies have been published to date, we expect this to become a major area of research in the near future. Two published studies point to the role of miRNAs in IPF; let-7d (61, 62) and miR-21 (61, 62) appear to be important epigenetic regulators of fibroproliferation. Moreover, 625 CpG islands were recently reported to be differentially methylated between IPF and control lungs, further supporting a role for epigenomic changes in IPF (63) . Several targeted studies have shown that epigenetic modulation regulates expression of genes involved in pathogenesis of IPF. Defective histone acetylation is responsible for the repression of expression of two antifibrotic genes, cyclooxygenase-2 (COX2) (64) and chemokine IP-10 (65). Similarly, Thy-1 (CD90) is an important regulator of cell-cell and cell-matrix interactions that is expressed on normal lung fibroblasts, but its expression is absent in myofibroblasts within fibroblastic foci in IPF. Thy-1 down-regulation in rat lung fibroblasts is controlled by both promoter DNA hypermethylation (66) and histone modifications (67) . In chronic obstructive pulmonary disease, airway biopsies demonstrate an increase in histone acetylation in promoters of inflammatory genes that increases with disease severity (68) . Importantly, extensive evidence exists for the role of epigenetic regulation in lung cancer and is summarized in these recent reviews: DNA methylation (69), histone methylation (12) , and miRNAs (16, 41) .
EPIGENOMIC PROFILING
Epigenetic marks can be studied using focused and genomewide approaches (Figure 2 ). Pyrosequencing and Epityper assays on the Sequenom MassARRAY platform are commonly used techniques for interrogation of a small number of CpG sites, whereas quantitative PCR methods are typically used for focused studies of histone modifications and miRNAs. Microarrays have been the method of choice for profiling epigenetic marks on a genomic scale, with several platforms and protocols available for DNA methylation: bisulfate conversion of methylated cytosines, methylated DNA immunoprecipitation (MeDIP) using an antimethylcytosine antibody, and digestion of DNA with restriction enzymes specific for methylated or unmethylated cytosines (70) . Array platforms have also been used to examine histone modification by chromatin immunoprecipitation followed by hybridization on microarrays (CHIP-chip) (70) and for miRNAs (71) . One recently developed microarraybased method that has allowed for major advancements in the area of DNA methylation profiling is the Comprehensive Analysis of Relative DNA Methylation (CHARM) platform (72) . CHARM arrays examine not only CpG islands but also other areas of the genome using 2.1 million probes that cover 4.6 million CpG sites in the human genome.
However, the most substantial advance to assess epigenetic marks on the genome scale has been the introduction of nextgeneration sequencing technologies, reviewed in (73). Shortread sequencers manufactured by Life Technologies (SOLiD) and Illumina (Genome Analyzer and HiSeq) are capable of generating 100 to 300 GB mappable sequences per run. Several protocols for methylome sequencing (74) , CHIP-seq (70) , and miRNA-seq (75) are available, and publications using these new technologies are beginning to appear. Although there are no publications using these epigenetic tools to study lung disease, a few publications that are of relevance to respiratory diseases are worth mentioning. CHIP-Seq technology was recently used to map the distribution of histone methylation marks along with STAT4 and STAT6 binding, and combined with gene expression profiles to determine the entire spectrum of STAT4-and STAT6-occupied genes and to link STAT binding to corresponding gene transcription and epigenetic regulation in polarized Th1 and Th2 cells (76) . Globally, STAT4 was shown to have a more dominant role in promoting active epigenetic marks, whereas STAT6 had a more prominent role in antagonizing repressive marks. In another recent study, small RNAs from 31 normal and malignant human B cell samples were sequenced using miRNA-seq to identify expression of 333 known and 286 candidate novel miRNAs in B cells (77) . This same study also revealed a novel miRNA cluster containing six novel miRNAs that regulate transforming growth factor-b signaling.
CHALLENGES IN UNDERSTANDING THE LUNG EPIGENOME
There are several challenges that we will be facing in understanding the role of epigenetic regulation of gene expression in lung diseases. First, epigenetic marks are cell-type specific, yet much of the research in this area will be done on the whole lung tissue because isolation of enough material for specific cell types is often not feasible in human subjects. One approach to address this concern may be to identify epigenetic marks in the whole lung and then attribute them to specific types using immunohistochemistry or confocal microscopy with antibodies to specific epigenetic marks. The disadvantage of this approach is that many important epigenetic marks may be missed in the initial screen because the change in the whole lung may be below detection limits of assays used. This same issue arises in gene expression data, and a recent publication suggested a method to decompose whole tissue expression into cell-specific components (78) ; this approach may prove useful in identifying cellspecific epigenetic marks in complex tissues. Second, peripheral blood may be the only accessible sample, such as in studies involving children with asthma. To understand the relevance of these distant markers of lung disease, paired lung-blood samples should be analyzed to identify epigenetic marks that carry over from the lung to peripheral blood. If such epigenetic marks are identified, development of peripheral blood biomarkers based on epigenetic marks would represent a major advance in the evaluation of lung disease. A third challenge is the dynamic nature of epigenetic marks that are context dependent. Thus, the epigenome needs to be considered in the context of other diseases, exposures, diet, and age. Finally, a major challenge with epigenomics is to experimentally and analytically integrate the epigenetic mechanisms that affect transcription and translation. Evidence for cross-talk between DNA methylation and histone modifications has been rapidly accumulating (17) (18) (19) (20) . miRNAs most likely act independently of the other two epigenetic mechanisms; however, expression of a gene may be controlled by methylation of CpG motifs in the promoter region, changes in histone marks that coincide with DNA methylation, and miRNAs that bind to the 39 untranslated regions. Each of the three epigenetic mechanisms is independently complex, but when combined, the complexity of these interactions presents unique experimental and analytic challenges. Sophisticated imaging approaches, such as those that image HDAC activity in vivo (79), will have to be developed to allow us to understand the lung epigenome in health and disease. Better treatments for lung disease based on epigenetic marks can only be developed once we have overcome these challenges. The NIH Roadmap Epigenomics Program (http://nihroadmap.nih.gov/epigenomics/) is a major initiative that is providing funding opportunities for better understanding of the role of epigenetics in human health and disease. Using epigenetics to understand the dynamic biology in the lung and applying this knowledge to the development of novel diagnostic and therapeutic approaches represent promising opportunities for our patients with lung disease.
